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Abstract 
E-Chloropropiophenone (E-Cl-ppone) reduction in dimethylformamide (DMF) on platinum electrode has been studied using 
potassium perchlorate (KClO4) or tetra-n-butylammonium tetrafluoroborate ((Bun)4NBF4) as background electrolyte. 
Voltammetric and surface sensitive Fourier transform IR spectroscopy (FTIR) experiments have been carried out and it has 
pointed out the presence of an inactivation process in the reduction of the E-chloropropiophenone on a Pt electrode. Although the 
inactivation process occurs in both cases, the use of KClO4 or (Bun)4NBF4 presents a significant different behavior in the 
reduction process. The influence of same variables such as E-chloropropiophenone, water or oxygen concentration have been 
studied and rotating electrode experiments have been made in order to conclude the best reaction conditions. The inactivation 
process is strongly determined by the electrode potential. The inactivation of the electrode surface is held at initial potential, 
including under forced convection conditions, however it disappears at high electrode potential, in contact with atmosphere and
at open circuit during long or shorter time with the help of convection.  The effect of a high power, low frequency ultrasonic field 
in the reduction process has been investigated. The intensity of the ultrasonic field and the influence of the working electrode–
emitter surface gap have been studied but did not avoid the inactivation process.
 © 2009 Elsevier B.V.
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1. Introduction 
The electrochemical reduction of the carbon-halogen bond to carbon-hydrogen bond is reaching a growing 
interest in different fields such as environmental treatment [1,2] and organic synthesis [3,4]. Among the different 
strategies in organic synthesis, the use of organic solvents is playing an active role in this kind of processes. 
However, the use of these solvents usually presents several drawbacks. The behaviour of the system strongly 
depends of the contamination by air/moisture [5], complexity of the reactions which occurs in a background solution 
near the limits of the working potential window of the systems [6] or an inactivation of the surface electrode. 
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Actually, this inactivation can be a passivation of the electrode surface itself or an inhibition process [7]. Sometimes 
it depends on the electrolyte/solvent system [8] but the substrate plays an important role in many cases. 
The system tetraalkylammonium salts/dimethylformamide has been widely used in organic electrochemistry [9] 
because of the extremely negative potentials that can be reached and the attractive characteristics of the DMF such 
as solvent to reduction processes [7,9]. 
Our interest in this subject was stimulated because, in an early investigation. García-García et al. [10] previously 
reported the existence of an inactivation process when E-chloropropiophenone (E-Cl-ppone) in DMF solution was 
electrolysed using KClO4 or Et4NClO4 as background electrolyte.  They reported the presence of a white solid and a 
white polymeric material deposited on the electrode surface and when KClO4 was used they conclude the presence 
of KCl but no analysis of the polymeric material was made. Moreover, it was obtained the same reaction products 
distribution when Et4NClO4 was used, although inactivation products were not determined. To explore this 
phenomenon, we have performed voltammetric and surface sensitive FTIR experiments in an electrolyte/solvent 
system like Bu4NBF4/DMF mixture, where the possible inactivation caused by ionics precipitates (e. g. KCl or 
KOH) should be avoided. The response of the system to the specific effects of a low frequency, high power 
ultrasound has also been studied.
2. Experimental section 
2.1. Reagents
Dimethylformamide (DMF) (> 99.5%, H2O < 0.1%), supplied by Scharlau, was employed as solvent for all 
electrochemical experiments. Tetrabutylammonium tetrafluoroborate ((Bun)4NBF4) and potassium perchlorate 
(KClO4) from Aldrich (99%) was used without further purification. All experiments were carried out using a 0.1 M 
(Bun)4NBF4 or 0.1M KClO4 solution and 5·10-2 M E-Chloropropiophenone (E-Cl-ppone ) from Fluka (t 97%) was 
used. Argon (H2O < 3 ppm, O2 < 2 ppm, CnHm < 0.5 ppm), supplied by Air Liquide, was used to purge the system, 
to deaerate and to keep an inert atmosphere over the electrolyte solution in the voltammetric cell. 
2.2. Sono-electrochemical measurements and electrode surfaces treatments 
Cyclic voltammetry studies were carried out in a classical three-electrode cell. The counter electrode was a 
platinum spiral. All potentials were measured with respect to a pseudo-reference electrode consisting of a silver 
wire. Working electrode was a platinum disk (supplied by Radiometer Copenhagen, diameter = 2 mm) or a 
polyoriented platinum sphere (diameter = 2 mm) depending on the experiment. The rotating disk electrode (RDE) 
was extensively polished with alumina/water suspension of successively smaller particle sizes (1, 0.3 and 0.05 Pm). 
The polyoriented platinum was cleaned by heating to red heat and quenched to air prior to each experiment. Both 
types of electrode, were rinsed thoroughly with DMF before each measurement. All experiments were carried out 
under argon which was dried by slow blowing through a set of three consecutive water traps filled with: (1) 
concentrated H2SO4, (2) calcium chloride, (3) silica gel + calcium chloride.  The voltammograms were routinely 
carried out at sweep rate = 20 mVs-1.  The initial potential was always -800 mV vs the reference electrode. 
All experiments were carried out using a Voltalab Electrochemical system consisting of a DEA 332 potentiostat 
and an IMT 102 Electrochemical Interface. The system was connected for recording and curves treatment to a 
personal computer.  The ultrasound field was provided by the 20 kHz, 100 W maximum power, sonoreactor 
supplied by Undatim.  This commercial sonoreactor presents variable power which can be adjusted and has been 
previously fully-characterized by the authors [11].  Spectroelectrochemical experiments were performed with a 
Nicolet Magna 850 spectrometer equipped with a MCT detector. The electrochemical cell has been described in 
detail in reference [12]. It was provided with a CaF2 window beveled at 60qC. The optical set-up allowed the 
voltammetric control of the system both before and after collection of the spectra.  Unless otherwise stated, p-
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polarised light was used. Spectra were collected with a resolution of 8 cm-1. They are represented as the ratio R/R0
where R and R0 represents the sample and reference single beam spectrum, respectively.
2.3. Results and discussion
2.3.1. Electrochemical analysis 
Fig. 1 (left) shows a n-cycle voltammogram (n = 50) where it can be seen clearly the inactivation process. Fig. 1
(right) shows the response of the electrode, previously inactivated, to a consecutive scan to positive potential (with 
increasing potential upper limit from -370 to 2630 mV) and a negative back scan to -1570 mV (the potential lower
limit in the previous inactivating n-cycle scan). The electrode activity is progressively recovered when the potential
upper limit is increased in the scan to positive potentials. For upper potential higher than 2100 mV, the electrode
activity is fully recovered. This reactivation could be related to a potential needed for an oxidation process to take
place or simply a required time lag.
Fig.1 Voltammograms for a polyoriented platinum electrode in a 50mM E-Cl-ppone + 0.1M (Bun)4NBF4 in DMF solution:
(left) n-cycle voltammogram (n=50), (right) after n-cycle voltammogram (n=50, not shown) a consecutive scan with the
potential upper limit: -870, 130, 1130, 2130 and 2630 mV.
Fig. 2 shows the superposition of an n-cycle (n = 50) in order to get the total inactivation of the electrode (black
line) and: (left) an additional scan (red line) 5 min. later (needed time to complete the largest positive scan in Fig. 1) 
with the electrode held at initial potential (Ei = -870 mV); (right) an additional scan 30 min. later with the electrode
at open circuit (red line). Same behaviour observed in Fig.2 (left) was obtained when we run an additional scan 5
min. after getting the total inactivation with the electrode at open circuit (not shown).
Fig.2 Voltammograms for a polyoriented platinum electrode in a 50mM E-Cl-ppone + 0.1M (Bun)4NBF4 in DMF olution.
Superposition of an n-cycle (n = 50) and (left) an additional scan (red line) 5min. later with the electrode held at initial
potential (-870 mV), (right) an additional scan (red line) 30min. later with the electrode at open circuit. 
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An additional experiment was carried out in order to decide potential vs. time situation. Fig. 3 shows different n-
cycle (n = 10) where we have increased the potential upper limit from -870 to 2130 mV. It can be seen that, the
higher potential upper limits in the voltammogram, the lower inactivation in the process is observed.
Fig.3  n-Cycle (n = 10) voltammograms for a polyoriented platinum electrode in a 50mM E-Cl-ppone + 0.1M (Bun)4NBF4 in
DMF solution where the potential upper limit has been increased (A: potential upper limit = -870 mV, B: potential upper limit
= 130 mV, C: potential upper limit = 1130 mV and D: potential upper limit = 2130 mV).
In order to get more information about the nature of the inactivation, more experiments were done. After a n-
cycle to get the total inactivation, we rotated the electrode at controlled potential (-870 mV vs. Ag+/Ag). Then, we 
recorded the consecutive scan to negative potential (red line) in order to check the activity of the surface, probing
that the electrode kept inactivated, Fig. 4 (left). However, the inactivation disappears if we held the electrode at open
circuit during the rotation, Fig. 4 (right).
Fig.4  n-Cycle voltammograms for a rotating platinum electrode in a 50mM E-Cl-ppone + 0.1M (Bun)4NBF4 in DMF solution.
Superposition of an n-cycle (n = 50) and (left) a consecutive scan (red line) after electrode rotation at controlled potential (-870
mV), (right) an additional scan (red line) with the electrode at open circuit.
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Fig.5  n-Cycle voltammograms for a polyoriented  platinum electrode in a 50mM E-Cl-ppone + 0.1M (Bun)4NBF4 in DMF
solution + a consecutive scan (red line) to negative potential after exposure to air.
Furthermore, we studied the stability of the inactivation exposed to wet air. Fig. 5 shows a n-cycle
voltammogram recorded in order to inactive the electrode surface. Then, the electrode was taken out from the cell to
the atmosphere and introduced again in order to record an additional scan (red line). The activity of the electrode is 
totally recovered, so ex-situ techniques such as SEM/EDAX, XPS, etc. would provide poor information about the
process. Nevertheless, the in-situ characterisation of adsorbate adlayers at the metal-solution interface is a main goal 
of modern surface electrochemistry. Classical electrochemical methods in conjunction with new techniques provide 
valuable information about both composition and structure of the adlayers. In-situ infrared spectroscopy techniques
have been very useful in the characterisation of metal-solution interface by exploring the vibrational properties of
the adsorbed species. The information that can be derived from the infrared spectra can be obtained from the 
analysis of the band frequency and lineshapes.
2.3.2. FTIR study 
A series of in-situ spectroscopic measurements were carried out in order to obtain more information about the
nature of the possible adlayer formed when the platinum electrode was polarised in the study solution. As a first step
the infrared spectra in the E-Cl-ppone containing solution was collected at -870 mV where no reaction occurs. In
this way, a FTIR spectrum of the 10mM E-Cl-ppone + 0.1M (Bun)4NBF4) solution was obtained (not shown) and
used as reference spectrum (RS). After the voltammetric response of the polyoriented Pt electrode in this solution
was checked, the electrode surface was pressed against the CaF2 window. After a n-cycle voltammogram (n = 50)
the inactivation process has been completed and spectrum a in Fig. 6 was recorded. Finally, after a positive sweep 
until 1.53 V and back to -0.87V, spectrum b in Fig. 6 was collected. These collected spectra had been conveniently
referred in order to get more data about the nature of the species adsorbed on the electrode. Thus, spectra a and b in 
Fig. 6 had been referred to RS. Additional information of the reactivation process can be obtained referring the last
two spectra; spectrum c in Fig. 6 corresponds to spectrum b referred to spectrum a. Therefore, data about the
inactivation and activation processes of the electrode has been obtained. 
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Fig.6 FTIR spectra of the 10mM E-Cl-ppone + 0.1M (Bun)4NBF4 solution recorded at -0.87 V: (a) after a n-cycle
voltammogram (n = 50), (b) n-cycle voltammogram (n = 50) and a positive sweep until 1.53 V. a and b spectra have been 
referred to the spectrum of the initial work solution (c) n-cycle voltammogram (n = 50) and a positive sweep until 1.53 V
referred to spectrum a.
2.3.3. Sonoelectrochemical experiments
Fig. 7 shows the overlapping of n-cycle voltammograms in presence and in absence of an ultrasound field.  The 
presence of ultrasound has enhanced the inactivation process. If a film weakly adsorbed to the surface is submitted
to a high power ultrasound, cavitation and microjets on the electrode surface should remove the film. However, the 
response is opposite and quite similar to that obtained with the RDE.
Fig.7 (left) n-Cycle voltammograms for a polyoriented platinum electrode in a 50mM E-Cl-ppone + 0.1M (Bun)4NBF4 in DMF
solution in the absence (black line) and in the presence (red line) of a 20 kHz ultrasonic field, (right) charge density related to 
the n-Cycle voltammograms shown.
100 J. Gonza´lez-Garcı´a et al. / Physics Procedia 3 (2010) 95–104
J. González-García et. al / Physics Procedia 00 (2010) 000–000
2.3.4. Influence of the traces of water and oxygen.
Due to the fact that ultrasound field and RDE experiments provide similar results, the inactivation process could
be associated to products coming from traces presented in the system.  The most common compounds are oxygen
and water coming from the atmosphere.  Fig. 8 shows the influence of the water presence in the inactivation process.
Fig.8 (upper) n-Cycle voltammograms for a polyoriented  platinum electrode in a 50mM E-Cl-ppone + 0.1M (Bun)4NBF4 in
DMF solution at different levels of water (left) H2O < 0.01%, (center) H2O < 0.1%, (right) H2O = 0.1%, (lower) charge density 
related to the upper voltammograms.
The presence of oxygen was also studied and presented the same influence. In both cases, the presence enhances
the inactivation process.  The reduction of both compounds, H2O and O2 (later in presence of the former) yields OH-
anions:
 2H2O + 2e ĺ H2 + 2OH- (1)
 O2 + 2 H2O + 4 eĺ 4 OH- (2)
2.3.5. Influence of others background electrolytes.
In order to obtain more information about the nature of the inactivation process, other background electrolytes
were analyzed. Fig. 9 shows the cyclic voltammograms for the reduction of E-Cl-ppone with addition of KBF4 at 
(Bun)4NBF4 (meaning an addition of K+).  In the absence of KBF4 (Fig. 9, left), a cathodic peak is followed by a
larger peak, indicating the reduction of the background electrolyte.  However, in the presence of KBF4 (Fig. 9,
right), the background electrolyte reduction at potentials more negative than -2000 mV disappears, showing a 
further strong inactivation. At the reverse scan to more positive potentials, an anodic peak at +2000 mV now
appears.
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Fig.9 Influence of the presence of K+ (as KBF4 addition) in a
voltammogram of a polyoriented platinum electrode in a 50mM
E-Cl-ppone + 0.1M (Bun)4NBF4 in DMF solution.  A negative-
going scan (black line) followed by a positive-going scan (red
line), (left) in the absence (right) in the presence. 
Fig.10 Voltammograms for a polyoriented platinum electrode in
0.1M KClO4 in DMF solution. Two consecutive negative-going
scans (black line) followed by a positive-going scan (red line). E-
Cl-ppone concentration series: (left) 1mM, (center) 10mM and
(right) 50mM.
Once the effects of the presence of K+ ions were verified, 0.1 M KClO4 in a DMF solution was used as 
background electrolyte.  The influence of E-Cl-ppone concentration in the inactivation, Fig. 10, has been
investigated in this new medium.  Both anodic and cathodic peaks magnitude are strongly related to E-Cl-ppone
concentration, increasing both with the E-Cl-ppone concentration.
Due to the fact that the new electrolyte presented a stronger inactivation, the new system was studied under
ultrasound, showing again an enhanced inactivation of the process, Fig. 11.  Enhanced ultrasound effects in the
electrode surface was again achieved by an increase in the ultrasonic intensity, Fig. 12, and electrode-emitter surface
gap decrease, Fig. 13, but these actions did not avoid the inactivation.  However, it is important to highlight that the
anodic peak is strongly decreased under ultrasound.
Fig.11 Influence of an ultrasonic field in the voltammograms for a 
polyoriented platinum electrode in a 50mM (E-Cl-ppone) + 0.1M
KClO4 in DMF solution. Two consecutive negative-going scans
(black line) plus a positive-going scan (red line), (left) silent (right) 
ultrasonic conditions. 
Fig.12 Influence of the ultrasound power in the voltammograms for a 
polyoriented platinum electrode in a 50mM E-Cl-ppone + 0.1M KClO4
in DMF solution. Two consecutive negative-going scans (black line) plus
a positive-going scan (red line), electrode-emitter surface distance 2.5
cm, (left) 20% amplitude and (right) 100% amplitude.
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Fig.13  Influence of the ultrasound power in the voltammograms for a polyoriented platinum electrode in a 50mM E-Cl-ppone
+ 0.1M KClO4 in DMF solution. Same potential sweep programme than Fig. 12. Power ultrasound 100%; electrode-emitter
surface distance (left) 2.5 and (right) 1 cm.
3. Conclusions
This study attempted to determine several features of the inactivation process by electrochemical and 
spectroelectrochemical methods, with the help of an ultrasound field. The inactivation process is strongly
determined by the electrode potential. The inactivation is held at initial potential (Fig. 2 left), including under forced
convection conditions (Fig. 4 left). However it disappears at high electrode potential (Fig. 1 right), in contact with
atmosphere (Fig. 5) or at open circuit during long time (Fig. 2 right) or short time helping by convection (Fig. 4
right).
The spectroelectrochemical analysis reveals negative-going bands corresponding to new compounds on the
electrode surface. Fig. 6a shows bands at 3400-3300 cm-1 attributable to O-H stretching mode. Even though it has
been reported the Bu4N+ reduction [13,14], the reaction products are tributylamine, butane and butene where the N-
H bond is no present. Bands at 3100-2900 cm-1 attributable to aromatic and aliphatic C-H stretching mode and a 
band at 1730 cm-1 attributable to carbonyl group stretching mode can also be observed. All those bands show that
the inactivation process has been caused by the cathodic reaction of the E-Cl-ppone or its reaction with another
product cathodically formed such as the hydroxyl anion when reduction of the residual water.
The Fig. 6b, corresponding to a totally active electrode situation, shows negative bands very similar to those of
Fig. 6a, and this can be more clearly seen in Fig. 6c where a few bands remained. All these data can not be used for
discarding that a E-Cl-ppone derivative was the presumable inactivator because the reaction products could be
present in the thin layer solution between the electrode and the CaF2 window where a very difficult diffusion rate
should be waited.  Nevertheless, a band at 2330cm-1 attributable to carbon dioxide can be clearly seen. The 
formation of CO2 could have been explained assuming the oxidation of inactivator or the oxidation of the formate
anion [15] obtained from the nucleophilic addition of the hydroxyl anion to DMF [16]. Cyclic voltammetry
experiments of formic acid 5·10-2 M in DMF under the same experimental conditions [17] do not support the later
possibility.
On the whole, the inactivation process as well as the nature of the possible inactivator has not been absolutely
clarified. However, we can point out that the inhibition process is directly related with E-chloropropiophenone/Pt
and not with the Bu4NBF4/DMF system. The OH- anion seems to be involved in this inactivation process and also in 
another process directly related to alkaline cations as K+. Different approaches are planned. On one hand, SERS and
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microbalance experiments are planned in order to obtain more information about the surface state during the 
electrochemical experiments. On the other hand, the use of other frequencies of the ultrasound field should give 
more information. In any case, both inactivation processes are not avoided with the surfaces effects coming from a 
high power low frequency ultrasound field. 
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